Although the aetiology of inflammatory bowel disease remains unknown, its pathogenesis is gradually being unravelled. Increasing attention has been focused recently on the role of free radicals, in both normal metabolism and defence against disease, and also in a wide variety of conditions, for example rheumatoid arthritis, diabetes mellitus, atherosclerosis, pancreatitis, and peptic ulcer, in which oxidant stress seems to exceed homeostatic mechanisms. Free radical activity may contribute to the pathogenesis of both inflammation and cancer. This review examines the evidence that abnormal oxidative metabolism is of central importance to active inflammatory bowel disease. The potential pathogenicity of free radicals has been emphasised by recent work which suggests that reactive oxygen metabolites are not just one of a number of mediators and cytokines involved in the inflammatory process in inflammatory bowel disease but many have a pivotal role by initiating the expression of genes controlling may other aspects of the inflammatory, immune, and acute phase response, by activation of the transcription factor NF-x,.5
Free radical chemistry Free radical chemistry is complex and evanescent. A free radical is defined as any species capable of independent existence that contains one or more unpaired electrons, an unpaired electron being defined as one that is alone in an orbital.6 Since electrons are more stable when paired together in orbitals, radicals are generally more reactive than nonradicals. Radicals may react with non-radicals in a number of ways: by donating the unpaired electron, or by abstracting an electron from, or combining with, another molecule. All of these reactions, however, result in the production of another radical and will usually result in a chain reaction. These reactions may be terminated by the interaction with another radical or with one of the 'chain-breaking antioxidant molecules' (such as vitamin E), or by one of the enzymatic antioxidant defences (for example superoxide dismutase, catalase, or glutathione peroxidase). An outline of reactive oxygen metabolite chemistry in biological tissues is given in the Figure. Oxygen is a prerequisite for the efficient production of energy in aerobic organisms and yet the diatomic oxygen molecules on which we depend are themselves 'diradicals' and major promoters of free radical chemistry. Although oxygen is a good oxidising agent (atom or molecule that accepts electrons from the molecule it oxidises), restrictions on the direction of spin of the electrons it accepts means that it usually accepts these one at a time as shown in the following equations:
02->02-(superoxide) (one electron reduction) 02--H202 (peroxide) (two electron reduction) 02-0OH-(hydroxyl radical) (three electron reduction)
02--H20
(four electron reduction) Transition metals, such as iron, are important promoters of free radical reactions, and in particular of the formation of the extremely reactive hydroxyl radical (OH-) via the Fenton reaction. The overall reaction scheme is as follows:
Transition metal 02 +H2O2-*OH +OH +02 Superoxide and hydrogen peroxide increase mucosal and vascular permeability, are involved in the recruitment and activation of neutrophils,7 and are precursors of the more damaging hydroxyl radical (via Fenton chemistry) and hypochlorite (via the action of myeloperoxidase released by activated neutrophils). The hydroxyl radical can attack and damage almost every molecule found in living cells, including proteins, carbohydrates, lipids, and DNA. It is for this reason that the production of free radicals is normally tightly controlled and that concentrations of free transition metals are virtually non-existent. Hypochlorite is a powerful oxidant that may react directly against membrane associated targets or indirectly by forming less reactive chloramines that may diffuse across the membrane and attack cytosolic components. 8 Since neither hydrogen peroxide nor hypochlorite have an unpaired electron (free radical) we shall henceforward use the term 'reactive oxygen metabolites' (ROM) which encompasses all the species so far described.
ROM in inflammatory bowel disease
Several points merit consideration in the evaluation of the pathogenic role of ROM in inflammatory bowel disease. Firstly, even in cell free systems, the measurement of ROM is complicated by rapid reactions and interconversions between them, the wide variety of reactions possible, and the relative non-specificity of many ofthe methods used to detect ROM and of the scavengers used to identify particular species. These problems are intensified in biological experiments. Secondly, most of the work to date relating to free radicals in inflammatory bowel disease has concentrated on ROM, but these are not the only radicals found in living cells: others, for example nitrogen, carbon, and sulphur centred radicals, may be as important. Lastly, as in the evaluation of the contribution to the inflammatory response of other mediators such as eicosanoids,9 it is crucial to assess the pathogenic importance ofROM using the criteria resembling those originally set out by Vane as follows'0:
DETECTION OF ROM AT THE SITE OF INFLAMMATION
Increased mucosal production of ROM related to disease activity has been shown in colorectal biopsy specimens" 2 and stimulated mucosal phagocytes'3 from patients with inflammatory bowel disease compared with controls. Quantification is difficult, but evidence that sufficient ROM are produced to cause mucosal damage is supported by the findings of increased lipid peroxides in rectal biopsy specimens of patients with active ulcerative colitis.'4 Low values of mucosal trypsin inhibitor,'5 superoxide dismutase, metallothionein,"6 and glutathione,'7 and of circulating superoxide dismutase'8 and glutathione peroxidase,'9 and increased activities of circulating leukocyte elastase20 and colorectal mucosal collagenase2' may also reflect the activity of ROM in patients with active inflammatory bowel disease.
What are the sources ofROM production in the gut? There are two main candidates (Figure) . Firstly, phagocytes are prominent in the mucosa of patients with active inflammatory bowel disease and can produce ROM via both the respiratory burst and prostaglandin and leukotriene metabolism.'322 Secondly, xanthine oxidase, which produces superoxide, is formed from xanthine dehydrogenase during ischaemia and is implicated in the pathogenesis of ischaemiareperfusion injury,; this seems a likely route of ROM production in Crohn's disease if multifocal gastrointestinal infarction does indeed contribute to its pathogenesis.23 Conversion of xanthine dehydrogenase to xanthine oxidase, however, can also take place in the presence of various proinflammatory substances such as formyl-leucyl-methionyl phenylalanine (FMLP) and tumour necrosis factor alpha, and can be induced by activated neutrophils.24 Superoxide and hydrogen peroxide are not only precursors of more harmful substances, but, by increasing mucosal perme-ability25 and recruitment and activation of further neutrophils,7 may help establish a vicious cycle of inflammation and tissue damage.
PRODUCTION OF MUCOSAL DAMAGE BY ROM

Stimulated neutrophils are cytotoxic to cells in vitro.2-29
Hydrogen peroxide has been used as an enema or as a cleaning agent for endoscopes and may cause mucosal damage when applied to the surface of the gut wall. 'Hydrogen peroxide enteritis' can mimic an acute ulcerative, ischaemic, or pseudomembranous colitis and ranges from a reversible, clinically silent process to an acute, toxic fulminant colitis associated with perforation and death.30 In anecdotal reports of exacerbation of inflammatory bowel disease by iron supplementation, this may be mediated by hydroxyl radical production by the Fenton reaction.
Millimolar concentrations of stable oxidants (H202, OCI-, and monochloramine) cause a dose dependent increase in mucosal permeability in animal models and are toxic to intestinal epithelial cells.25 Whether these concentrations of ROM resemble those found in the mucosa in inflammatory bowel disease in vivo is unclear. An animal model of colitis, however, has been developed recently using the free radical initiator, 2,2'-azobis(2-amidinopropane) dihydrochloride3' and trinitrobenzene sulphonic acid, which also induces colitis experimentally and is metabolised to superoxide and hydrogen peroxide by rat colon homogenates or isolated colonocytes. 32 There is considerable interest in the relation between oxidant stress and the development of cancer.33 While there is no doubt that ROM can cause oxidctive DNA damage leading to base changes, strand breaks, and enhanced expression of proto-oncogenes, and that oxidative stress can induce malignant transformation in cell culture,34 the relation between these observations and the development of malignancy in vivo is more complex and will depend on other factors such as the rate of damage, antioxidant defences, DNA repair mechanisms, and the necessity for multiple steps (initiation, promotion, and progression). The constitutive and oxidant induced activity of adenosine diphosphate ribosyl transferase (ADPRT), an enzyme involved in DNA repair, is reduced in patients with inflammatory bowel disease and also in those with colon cancer.35 This may be the result of genetic variation in factors determining the redox cycling of reduced glutathione,36 and correlates well with the low glutathione values found in the colonic mucosa of patients with inflammatory bowel disease.'7 Although the finding of oxidative DNA damage is remote from establishing a causal link between excess ROM production and cancer in patients with inflammatory bowel disease, it does suggest further possible lines of research.
PREVENTION OR AMELIORATION OF MUCOSAL DAMAGE BY AGENTS WHICH PREVENT THE RELEASE OR BLOCK THE EFFECTS OF ROM
Agents blocking the release or effects of ROM, for example, xanthine oxidase inhibitors, superoxide dismutase or its mimetic WR 2721, catalase, the glutathione peroxidase mimetic PZ 51, dimethyl sulphoxide, and desferrioxamine (Figure) , all decrease inflammation in animal or intestinal cell culture models of colitis,2829 37'4 and preliminary studies show promise for the use of allopurinol in pouchitis42 allopurinol and DMSO in ulcerative colitis43 and superoxide dismutase injections in refractory Crohn's disease."
The aminosalicylates are far less specific agents, and it is not known which of their many pharmacological actions explains their therapeutic effect in inflammatory bowel disease.45 The aminosalicylates scavenge ROMs in vitro at low concentrations (IC50 for scavening superoxide 10-20 [LM)41 and in vivo.'4 They also inhibit myeloperoxidase and chelate iron at low concentrations (IC50 20 FtM and 300 FtM respectively).45 These concentrations are of the same order as those found in the plasma of patients taking 5-ASA preparations orally (10) (11) (12) (13) (14) (15) [tM)l and are far lower than those required to inhibit cyclo-oxygenase, lipoxygenase, or the binding of FMLP to neutrophils (IC50 10, 6, and >5 mM respectively)45 or those found within the colonic lumen of these patients (10-20 mM) .A The finding of 5-ASA metabolites identical to those formed by the reaction of 5-ASA with the hydroxyl radical in extracts of faeces from patients with inflammatory bowel disease treated with sulphasalazine, but not in those with rheumatoid arthritis also receiving the drug, suggests that ROM scavenging is a clinically important mechanism of action in inflammatory bowel disease. '4 One of the arguments used against a significant ROM scavenging role for the aminosalicylates is that 4-ASA, while clinically effective, is less efficient in scavenging ROM than 5-ASA.47 While this is certainly true for some radicals, both 4-ASA and 5-ASA scavenge hypochlorite and inhibit myeloperoxidase at low concentrations.45 Indeed, hydroxyl radical scavenging is an unlikely mode of action in vivo for most drugs because the drugs are never present in tissues at sufficiently high concentrations to compete with biological molecules for the hydroxyl radicals generated in vivo. 48 Whether the ability to chelate free iron and so prevent the formation of the hydroxyl radical is important remains to be seen.
Conclusions
It is now clear that ROM are produced in excess in active inflammatory bowel disease. That they are rather more than irrelevant epiphenomena, at least in experimental colitis, is indicated by the anti-inflammatory effects of specific antioxidants. While the known antioxidant actions of the aminosalicylates are compatible with the proposal that ROM play a major role in the pathogenesis ofinflammatory bowel disease, proof of the hypothesis must await the outcome of controlled trials in the human disease of more specific agents that interfere with oxidative metabolism. This treatment may prove valuable not only in ameliorating the inflammatory response, but also in chronic ulcerative colitis, and it may even find a place in preventing colonic cancer. Samuel Butler declared a century ago that 'few radicals have good digestions'. 47 We believe that this axiom should now be updated: 'excess radicalshave bad digestion'.
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